Introduction
Buckwheat (Fagopyrum esculentum) shows high tolerance to aluminum (Al) toxicity compared with other species such as wheat (Zheng et al. 1998) . Furthermore, it also accumulates high Al in the leaves without showing toxicity symptoms (Ma et al. 1997 , Ma et al. 2001 . Physiological studies have shown that buckwheat secretes oxalate from the roots in response to Al, thereby detoxifying Al externally by forming a non-phytotoxic Al-oxalate complex in the rhizosphere (Ma et al. 1997 , Zheng et al. 1998 . Internal detoxification of Al is achieved by formation of an Al-oxalate complex (1 : 3 ratio) and sequestration of this complex into the vacuoles in the leaves , Ma and Hiradate 2000 , Shen et al. 2002 , Shen et al. 2004 ). However, the molecular mechanisms underlying high Al tolerance and accumulation are still poorly understood in buckwheat. By using the RNA sequencing (RNA-seq) technique, a number of genes were found to be induced by Al in both the roots and leaves of buckwheat (Yokosho et al. 2014 , Zhu et al. 2015 . Among them, a few genes have been functionally characterized. For example, FeIREG1 belonging to IRON REGULATED/ferroportin was found to be involved in sequestering Al into the vacuoles in buckwheat roots. FeIREG1 was localized to the tonoplast and its expression was specifically induced by Al in the roots. Overexpression of FeIREG1 in Arabidopsis resulted in increased Al tolerance (Yokosho et al. 2016b) . Recently, two half-size ABC transporters, FeALS1.1 and FeALS1.2, were also reported to be involved in internal detoxification of Al in both the roots and leaves of buckwheat. Both FeALS1.1 and FeALS1.2 were localized to the tonoplast. The expression of FeALS1.1 was up-regulated by Al in both the leaves and the roots, but that of FeALS1.2 was not induced by Al. Furthermore, the expression level of FeALS1.1 and FeALS1.2 was much higher than that of their homologous AtALS1 in Arabidopsis, implicating that the elevated expression of FeALS1.1 and FeALS1.2 is probably required for high Al tolerance in buckwheat (Lei et al. 2017) . However, the functions of many Al-inducible genes remain unknown. In the present study, we functionally characterized two genes (FeMATE1 and FeMATE2) belonging to the multi-drug and toxic compound extrusion (MATE) family in buckwheat.
The MATE family shows diverse transport substrates, but a subgroup transports citrate (Omote et al. 2006 , Takanashi et al. 2014 . Since the identification of HvAACT1 (Hordeum vulgare Al-activated citrate transporter 1) in barley and SbMATE1 in sorghum (Furukawa et al. 2007 , Magalhaes et al. 2007 ), a number of their homologs have been reported to be involved in the Al-induced secretion of citrate and translocation of iron (Fe) from the roots to shoots. AtMATE in Arabidopsis, TaMATE1B in some Brazilian cultivars of wheat, ZmMATE1 in maize, ScFRDL2 (Secale cereale ferric reductase defective-like 2) in rye, OsFRDL4 and OsFRDL2 in rice, VuMATE1 in rice bean, EcMATE1 in river red gum, BoMATE in cabbage and MtMATE66 in Medicago truncatula have been implicated in Al tolerance (Liu et al. 2009 , Ryan et al. 2009 , Maron et al. 2010 , Yokosho et al. 2010 , Yang et al. 2011 , Yokosho et al. 2011 , Sawaki et al. 2013 , Wu et al. 2014 , Yokosho et al. 2016 . On the other hand, AtFRD3 in Arabidopsis, GmFRD3 in soybean, OsFRDL1 in rice, ScFRDL1 in rye, HvAACT1 in barley, LjMATE1 in Lotus japonicas and MtMATE69 in M. truncatula have been reported to be involved in the root to shoot translocation of Fe by releasing citrate to the xylem (Durrett et al. 2007 , Rogers et al. 2009 , Yokosho et al. 2009 , Yokosho et al. 2010 , Fujii et al. 2012 , Takanashi et al. 2013 . In the present study, we investigated the transport activity, expression pattern and subcellular localization of FeMATE1 and FeMATE2. We also performed a complementation test in the Arabidopsis atmate mutant. Our detailed functional analysis showed that FeMATE1 was mainly localized to the plasma membrane, which is probably involved in Alinduced citrate secretion. However, FeMATE2 was localized to the trans-Golgi and Golgi, which may represent a novel internal detoxification mechanism of Al in buckwheat.
Results

Isolation of full length of FeMATE1 and FeMATE2
The full-length cDNAs of FeMATE1 and FeMATE2 were obtained by PCR using primers designed based on the RNA-seq database (Yokosho et al. 2014 ) and the 5 0 -RACE (rapid amplification of cDNA ends) experiment. The open reading frame (ORF) of FeMATE1 and FeMATE2 consists of 1,452 bp and 1,557 bp, respectively, which encode peptides of 483 and 518 amino acids. Both peptides contained 12 predicted transmembrane domains, similar to other MATE family proteins ( Supplementary Fig. S1A ). FeMATE1 and FeMATE2 shared 63% identity with each other at the amino acid level, and 55-70% identity with AtMATE in Arabidopsis, and OsFRDL2 or OsFRDL4 in rice ( Supplementary Fig. S1B ). FeMATE1 and FeMATE2 belong to different clades in the phylogenetic tree ( Supplementary Fig. S2 ).
Transport activity assay of FeMATE1 and FeMATE2 in Xenopus oocytes
To investigate whether FeMATE1 and FeMATE2 show transport activity for citrate similar to their homologous MATE transporters, we expressed these two genes in Xenopus oocytes. After injection of citrate for 30 min, the oocytes expressing FeMATE1 or FeMATE2 showed a significantly higher efflux activity for citrate than the control oocytes (water injection) (Fig. 1) . In contrast, both FeMATE1 and FeMATE2 did not show transport activity for oxalate (Fig. 1) . These results indicate that both FeMATE1 and FeMATE2 have transport activity for citrate, but not for oxalate.
Expression pattern of FeMATE1 and FeMATE2
Organ-dependent expression analysis revealed that FeMATE1 and FeMATE2 were expressed in both the roots and leaves of buckwheat in the absence of Al. The expression of FeMATE1 was up-regulated by Al only in the roots, whereas that of FeMATE2 was up-regulated by Al in both the roots and leaves ( Fig. 2A, B ). Furthermore, the expression level of FeMATE2 was higher in the leaves than in the roots (Fig. 2B) . Root spatial expression analysis showed that the Al-induced expression of FeMATE1 and FeMATE2 was higher in the root tips (0-1 cm) than in the basal region (1-3 cm) (Fig. 2C, D) . To investigate the tissue specificity of gene expression in the root tips (0-1 cm), we used the samples separated by laser micro-dissection (LMD), which were used in a previous study (Yokosho et al. 2016b) . The Al-induced expression of FeMATE1 or FeMATE2 was similar in different tissues of root tips (Fig. 2E, F) .
A dose-response experiment with roots showed that the expression of FeMATE1 or FeMATE2 was induced by low Al (5 mM) and that the expression increased with increasing Al concentrations (Fig. 3A, B) . In addition, a time-dependent experiment with roots showed that the Al-induced expression of FeMATE1 was not detected until 2 h (Fig. 3C ), but that of FeMATE2 was detected as early as 0.5 h after the exposure of Al (Fig. 3D) . Furthermore, the expression of both FeMATE1 and FeMATE2 in the roots did not respond to low pH or lanthanum (La) and cadmium (Cd) (Fig. 3E, F) .
Since FeMATE2 was also induced by Al in the leaves, we performed dose-response and time course experiments to further examine its expression patterns in the leaves. The Al concentration in the leaf cell sap increased with the increasing Al concentrations and exposure times (Fig. 4A, D) . The expression of FeMATE1 was not induced under different treatment conditions (Fig. 4B, E) . In contrast, the expression of FeMATE2 increased with increasing external Al concentrations up to Oxalate Citrate * * Efflux transport acƟvity (% total injected) Fig. 1 Transport activity of FeMATE1 and FeMATE2 for organic acids in Xenopus oocytes. cRNA of FeMATE1, FeMATE2 or water (control) was injected into the oocytes and incubated for 24 h, followed by injection of 50 nl of 2.4 mM 14 C-labeled citrate or oxalate (2.3 nCi per oocyte). External solution was collected for 30 min. The radioactivity of the buffer solution and the homogenized oocytes was measured with a liquid scintillation counter. Error bars represent ± SD of 3-4 biological replicates. The asterisk indicates significant differences compared with data of the control (P < 0.05, Tukey's test).
30 mM Al (Fig. 4C) . Furthermore, the Al-induced expression of FeMATE2 was detected at 2 h after the exposure of Al and kept at a similar level thereafter (Fig. 4F ).
Subcellular localization of FeMATE1 and FeMATE2
To determine the subcellular localization, we performed a transient assay with the GFP-FeMATE1 or GFP-FeMATE2 fusion gene under the control of the 35S promoter in buckwheat leaf protoplasts and onion epidermal cells. The signal of cells expressing green fluorescent protein (GFP) alone was observed in the cytosol and nucleus ( Fig. 5A-C) , but that of cells expressing the GFP-FeMATE1 fusion was found to be mainly localized to the plasma membrane (Fig. 5D-F) . Some signal co-localized with an endoplasmic reticulum marker, DsRed-HDEL, was also observed inside the protoplasts (Fig. 5J-L) . In contrast, the GFP signal of GFP-FeMATE2 fusion was observed to be localized to the vesicles in the cytosol (Fig. 5G-I ). We further coexpressed GFP-FeMATE2 with a trans-Golgi marker, sialyl transferase (ST)-monomeric red fluorescent protein (mRFP), and a Golgi marker, KATAMARI (KAM1ÁC)-mRFP. The GFP signal of GFP-FeMATE2 fusion was highly co-localized with the trans-Golgi marker ( Fig. 5M-P ; Supplementary Fig. S3 ), and partially co-localized with the Golgi marker in both buckwheat protoplasts and onion epidermal cells ( Fig. 5Q-T ; Supplementary Fig. S4 ). These results suggest that different from FeMATE1, FeMATE2 is probably localized to the transGolgi and Golgi.
Functional complementation of the Arabidopsis atmate mutant by FeMATE1
Since buckwheat mutants and its transformation system have not been established, as an alternative way, we introduced FeMATE1 or FeMATE2 into the Arabidopsis atmate mutant, a T-DNA insertion line, under the control of the 2.5 kb promoter of AtMATE (Supplementary Fig. S5 ). Although Arabidopsis roots secrete both malate and citrate, which are mediated by AtALMT1 and AtMATE, respectively (Hoekenga et al. 2006 , Liu et al. 2009 ), malate secretion is a major tolerance mechanism for Al toxicity. Therefore, in a previous study, the difference in Al tolerance between the wild type (WT) and atmate mutant could not be detected in their assay system (Liu et al. 2009 ). In the present study, to evaluate Al tolerance of the transgenic plants, we tested several Al concentrations and found that 50 mM Al in an agar plate was able to discriminate Al tolerance between the WT and atmate mutant (Figs. 6, 8) . The root elongation of all lines was similar in the absence of Al (Fig.  6A-C) . However, in the presence of Al, the root elongation was decreased by 11% in the WT, but by 52% in the atmate mutant ( Fig. 6A-C the WT level, but partially recovered the relative root elongation with inhibition of 40% and 26%, respectively ( Fig. 6A-C) .
We further examined Al-induced secretion of citrate and malate from the roots. Al-induced citrate secretion was much higher in the WT than in atmate (Fig. 6D) . Although citrate secretion increased in the two transgenic lines carrying FeMATE1 compared with the atmate mutant, the level was lower in the transgenic lines than in the WT, indicating that FeMATE1 only partially complemented the phenotype of the atmate mutant. The Al-induced expression level of FeMATE1 in transgenic lines was also lower than that of AtMATE in WT Arabidopsis ( Supplementary Fig. S6A , B). The secretion of Alinduced malate and the Al concentration in the roots and root cell sap did not differ among all lines (Figs. 6E, 7A, B). This result was consistent with that of . One possible explanation is that AtMATE does not contribute to Al tolerance much since the major Al tolerance gene is AtALMT1 in Arabidopsis (Liu et al. 2009 ). Therefore, knockout of AtMATE did not affect the whole Al accumulation in the roots (Fig. 7; .
Functional complementation of FeMATE2 in the Arabidopsis atmate mutant
Similar to FeMATE1, we also introduced FeMATE2 into the atmate mutant ( Supplementary Fig. S5 ). Analysis with three transgenic lines carrying FeMATE2 showed that all lines grew similarly in the absence of Al ( Fig. 8A-C) . However, in the presence of Al, the root elongation was inhibited more in the atmate mutant than in the WT, but expression of FeMATE2 partially rescued the Al-inhibited root growth of the atmate mutant ( Fig. 8A-C) . However, different from FeMATE1, expression of FeMATE2 did not complement Al-induced citrate secretion in the mutant (Fig. 8D) . The Al-induced malate secretion and the Al concentration in the roots and root cell sap also did not differ among all lines (Figs. 7C, D, 8E).
Secretion of citrate from buckwheat roots in response to Al
Buckwheat is known to secrete oxalate from the roots in response to Al (Ma et al. 1997) , which was determined by HPLC. However, we found in the present study that FeMATE1 is a plasma membrane-localized transporter for citrate (Figs. 1, 5, 6) . These led us to investigate whether buckwheat also secretes citrate, which is probably mediated by FeMATE1. To determine citrate in root exudates, we employed an enzymatic method, which has a higher sensitivity than HPLC. We found that citrate was also secreted in response to Al, although the amount secreted was much lower than that of oxalate ( Fig. 9 ; Supplementary Fig. S7 ). The citrate secretion increased with increasing Al concentration in the external solution (Fig. 9A) . ( Fig. 9A) . A time-dependent experiment showed that the citrate secretion was triggered by Al as early as 3 h after the exposure to Al and kept at a similar level thereafter (Fig. 9B) .
Discussion
In the present study, we functionally characterized two members of the MATE family; FeMATE1 and FeMATE2 in buckwheat. Although transport activity of FeMATE1 and FeMATE2 for citrate was detected in Xenopus oocytes, they showed a different expression pattern and subcellular localization, implicating that they may play a different role in Al tolerance in buckwheat.
FeMATE1 is probably responsible for Al-induced citrate secretion in the roots of buckwheat
With the help of a sensitive detection method, we found that buckwheat roots also secreted citrate in response to Al although the amount secreted was much less compared with the Al-induced secretion of oxalate ( Fig. 9 ; Supplementary  Fig. S7 ). Furthermore, the secretion was very fast and occurred in a dose-response manner (Fig. 9) . Our results suggest that FeMATE1 is responsible for this Al-induced secretion of citrate in buckwheat roots although we do not have direct evidence due to lack of mutants and a transformation system. However, several pieces of evidence support this conclusion. First, similar to other MATEs involved in Al-induced citrate secretion, FeMATE1 was mainly localized to the plasma membrane in buckwheat protoplasts (Fig. 5) . Secondly, the expression of FeMATE1 was specifically up-regulated by Al in the roots. Furthermore, its expression level was higher in the root tips, the site of Al toxicity (Figs. 2, 3) . Thirdly, expression of FeMATE1 in the Arabidopsis atmate mutant partially complemented Alinduced citrate secretion (Fig. 6) .
Although we used the promoter of AtMATE in transgenic lines carrying FeMATE1, the Al-induced expression level of FeMATE1 and the amount of citrate secretion were lower than that of the WT ( Fig. 6; Supplementary Fig. S6 ). This phenomenon was also found in another study (Liu et al. 2012) . One possibility is that the promoter length (2.5 kb) used was too short. It was reported that there are eight potential cis-elements involved in induction or regulation of Al in the promoter region of AtALMT1 (Tokizawa et al. 2015) . They may also be involved in the expression of AtMATE. A search of these cis-elements in the promoter region of AtMATE indicates that some elements are present outside of the 2.5 kb. This may be responsible for low Al-induced expression of FeMATE1 in the transgenic lines ( Supplementary Fig. S6 ). However, this low Al-induced expression does not affect the conclusion that FeMATE1 is involved in the Al-induced secretion of citrate. The expression patterns of MATE genes involved in the Alinduced secretion of citrate differ with plant species. For example, the expression of FeMATE1, AtMATE in Arabidopsis, ZmMATE1 in maize, and OsFRDL4 and OsFRDL2 in rice was induced by Al (Liu et al. 2009 , Maron et al. 2010 , Yokosho et al. 2010 , Yokosho et al. 2016a , whereas that of HvAACT1 in barley was not induced by Al (Furukawa et al. 2007 ). There are also differences in the spatial and tissue-specific expression pattern. For example, the expression of FeMATE1 was higher in the root tip than in the root basal region under Al treatment (D) and malate (E) secreted in response to Al. Root exudates were collected from seedlings of the wild type, the atmate mutant and three FeMATE2;atmate lines (5 weeks old) exposed to 10 mM Al for 24 h. Data are means ± SD (n = 10 in B and C; n = 3 in D and E). Means with different letters are significantly different (P < 0.05, Tukey's test). (Fig. 2C) ; in contrast, that of TaMATE1B, AtMATE and OsFRDL2 was higher in the root basal region (Ryan et al. 2009 , Liu et al. 2012 , Yokosho et al. 2016a . Furthermore, similar to OsFRDL4 and OsFRDL2, FeMATE1 showed the same expression level in all the tissues of the root tip under Al treatment ( Fig. 2E ; Yokosho et al. 2010 , Yokosho et al. 2016a ), whereas VuMATE1 showed higher expression in the central cylinder (Liu et al., 2013) . Since some MATEs are also involved in the root to shoot translocation of Fe in the root basal region, there is a possibility that a mixed expression was determined in some studies.
FeMATE2 is probably involved in a Golgi-related internal detoxification of Al in buckwheat
Similar to FeMATE1, FeMATE2 also showed transport activity for citrate in Xenopus oocytes (Fig. 1) ; however, the subcellular localization was different between FeMATE1 and FeMATE2. FeMATE2 was localized to the trans-Golgi and Golgi ( Fig. 5 ; Supplementary Figs. S3, S4) . Therefore, the transport activity detected is likely to be due to mislocalization of FeMATE2 in the oocytes. In the same clade, OsFRDL2 in rice and ScFRDL2 in rye were previously found to be localized at unidentified vesicles in the cytosol (Yokosho et al. 2016a) . Although this exact subcellular localization is unknown, there is a possibility that OsFRDL2 and ScFRDL2 are also localized to the trans-Golgi and Golgi. Therefore, it seems that some members of this clade have a distinct subcellular localization. Although expression of FeMATE2 in the atmate mutant did not alter the Al-induced citrate secretion, the Al tolerance was recovered in the transgenic lines (Fig. 8) . These results suggest that FeMATE2 plays a different role from FeMATE1 in detoxification of Al. The Golgi is a major collection and dispatch station of protein products received from the endoplasmic reticulum, while the trans-Golgi network functions in the processing and sorting of glycoproteins and glycolipids at the interface of the biosynthetic and endosomal pathways (Jürgens, 2004 , Glick and Nakano 2009 , Guo et al. 2014 . It was reported that the relative frequency of Golgi, cisternae per Golgi stack and secretory vesicles was inhibited by Al in the cells of the quiescent center in maize roots (Bennet et al. 1985) . Al also caused degeneration of Golgi bodies in the suspension cultures of Norway spruce (Prabagar et al. 2011) . Therefore, it is likely that detoxification of Al is also required in the trans-Golgi and Golgi for their normal functions. FeMATE2 localized at the Golgi and trans-Golgi may be involved in transporting citrate into the Golgi system to chelate Al, thereby protecting the Golgi system from Al toxicity, or involved in other internal Al detoxification systems in buckwheat, although further works is definitely required to confirm this conclusion.
Similar to FeMATE1, FeMATE2 expression was also specifically up-regulated by Al (Fig. 3) . However, this up-regulation was also found in the leaves (Figs. 2B, 4) . Furthermore, the induction was very rapid (Fig. 4F) . Since Al is accumulated at high concentration in buckwheat leaves, FeMATE2 is probably also required to detoxify Al in the Golgi system in the leaves by transporting citrate, although most of the Al will be sequestered into the vacuoles, which is mediated by FeALS1.2 and FeALS1.1 (Lei at al. 2017 ).
In conclusion, our results indicate that FeMATE1 is probably involved in the Al-induced secretion of citrate in the roots, while FeMATE2 may transport citrate into the Golgi system for internal detoxification of Al in both the roots and leaves of buckwheat.
Materials and Methods
Plant materials and growth conditions
Seeds of buckwheat (Fygopyrum esculentum Moench. Cv. Jiangxi) were soaked in water for 2 h and then transferred on a filter paper saturated with water for The Arabidopsis atmate mutant, a T-DNA insertion line (SALK_081671) of AtMATE, was obtained from the ABRC (Arabidopsis Biological Resource Center), which was used previously as a knockdown line of AtMATE (Liu et al. 2009 ). Seeds of atmate and its WT (cv. Colombia-0) were sterilized with 70% ethanol for 5 min, followed by washing with sterile water four times, and then placed on a plate containing 0.05% MES, 1% sucrose and 1% agar (pH 5.8) in Murashige and Skoog (MS) medium at 4 C in a refrigerator. After 2 d, the plates were moved to a room at 21 C. After 2 weeks, the seedlings were transferred to a 1/10 strength Hoagland solution (pH 5.8) in an environmentally controlled growth room with a 14 h light/10 h dark cycle at 21 C. The nutrient solution was changed once every 2 d. Homozygous insertion lines of the atmate mutant were identified by PCR using primers 5 0 -GCGTGGACCGCTTGCTGC AACT-3 0 (LBP), 5 0 -CGCATCTGCTTAGTCTCAACC-3 0 (forward, LP) and 5 0 -TTC ACTTCTTGAGGCCATGAC-3 0 (reverse, RP). After flowering, atmate plants were used for transformation as described below. Arabidopsis (5 weeks old) were used for collection of root exudates, Al accumulation analysis and gene expression analysis as described below. All experiments were repeated at least twice with 3-10 biological replicates.
Gene cloning and sequencing
The ORFs of FeMATE1 and FeMATE2 cDNA were cloned based on the RNA-seq data and the 5 0 -RACE method (SMART RACE cDNA amplification kit; Clontech, http://www.clontech.com/). Total RNA from the roots and leaves of buckwheat were isolated using an Agilent Plant RNA Isolation Mini Kit (Agilent; http://www.agilent.com/). 5 0 -RACE was performed by GeneRacer kit (Invitrogen) using 2 mg of total RNA. The ligated mRNA with an RNA oligo adaptor was transferred to a first-strand cDNA using SuperScript III RT and the random primers in the reverse transcription reaction. The 5 0 end sequence of FeMATE1 and FeMATE2 cDNA was amplified by PCR with the GeneRacer 5 0 primer and gene-specific primer 5 0 -GTATGTGCCGCCTTTGATTCTCC-3 0 for FeMATE1, 5 0 -TTGTCGCTTCCGTTTGGAATTC-3 0 for FeMATE2; GeneRacer 5 0 nested primer and gene-specific primer 5 0 -TGCCTTGAACTGTTTTATCTTTAT-3 0 for FeMATE1, 5 0 -CAACGACTCCTTCTACGATTC-3 0 for FeMATE2. The PCR products were cloned into pGEM-T Easy Vector (Promega) and the sequence of cloned plasmids was confirmed. The ORF of FeMATE1 cDNA was amplified by RT-PCR using primers 5 0 -ATGGAAGATCATCAAGGAGCTTTGC-3 0 (forward) and 5 0 -TTAACGGTTAATTTTCAGAAAACTC-3 0 (reverse). The ORF of FeMATE2 cDNA was amplified by RT-PCR using primers 5 0 -ATGGCGGAAAA AGTTGGGTTTATCG-3 0 (forward) and 5 0 -TCAGGTTCTCAGGAATCTCCAAG GT-3 0 (reverse).
Transport activity assay in Xenopus oocytes
To investigate the citrate transport activity in Xenopus oocytes, the ORF of FeMATE1 cDNA was amplified by RT-PCR using primers 5 0 -GATGATCAATGG AAGATCATCAAGGAGCTTTGC-3 0 (forward) and 5 0 -GATGATCATTAACGGT TAATTTTCAGAAAACTC-3 0 (reverse). The ORF of FeMATE2 cDNA was amplified by RT-PCR using primers 5 0 -GAAGATCTATGGCGGAAAAAGTTGGGTTT ATCG-3 0 (forward) and 5 0 -GAAGATCTTCAGGTTCTCAGGAATCTCCAAGGT-3 0 (reverse). These ORFs were inserted into a Xenopus laevis oocyte expression vector, pXbG-ev1 (Preston and Agre 1992) . The plasmid was linearized with NotI, and cRNA was transcribed in vitro with T3 RNA polymerase (mMESSAGE mMACHINE kit; Ambion). Micro-injection into oocytes was performed as described previously (Yokosho et al. 2011) . For determination of organic acid efflux activity, 50 nl of 2.4 mM 14 C-labeled citrate or oxalate (2.3 nCi per oocyte) was injected. The oocytes were then washed four times with MBS buffer (pH 7.6) and then transferred into 500 ml of fresh buffer at 18 C. After 30 min incubation, the external buffer was sampled and the oocytes were homogenized with 0.1 N HNO 3 . The radioactivity of the buffer solution and the homogenized oocytes was measured with a liquid scintillation counter (LIQUID SCINTILLATION SYSTEM; Aloka).
Gene expression pattern analysis
For organ-dependent expression, roots and leaves of buckwheat seedlings (10 d old) exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 0 or 30 mM AlCl 3 for 24 h were sampled for RNA extraction. For root spatial expression, buckwheat seedlings (4 d old) were exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 0 or 30 mM AlCl 3 for 6 h and root segments of 0-1, 1-2 and 2-3 cm from the root tips were excised for RNA extraction. For root tissue specificity of expression, root tips (0-1 cm) of buckwheat seedlings exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 30 mM Al for 4 h were separated by LMD into two parts: whole root tissues without epidermis and inner tissues including the endodermis and stele as described before (Yokosho et al. 2016b) .
Dose-response expression and time-dependent expression in the roots were investigated by harvesting the roots of seedlings (4 d old) exposed to different Al concentrations and times. To examine gene expression specificity, roots of buckwheat (4 d old) were exposed to a 0.5 mM CaCl 2 solution containing Al (30 mM), La (50 mM) or Cd (50 mM) or at different pH values. To investigate the dose-response and time-dependent expression in the leaves, leaves of seedlings (17 d old) exposed to different Al concentrations and times were harvested for extraction of leaf cell sap and RNA extraction. For extraction of leaf cell sap, leaves were placed on a filter in a tube and frozen at -80 C overnight. The cell sap was collected by centrifugation at 20,600 Â g for 10 min after thawing at the root temperature for 30 min. The Al concentration in leaf cell sap was determined by inductively coupled plasma-mass spectrometry (ICP-MS).
For RNA extraction, all samples harvested were immediately frozen in liquid nitrogen. After RNA extraction as described above, a total of 500 ng of RNA was used for first-strand cDNA synthesis using a SuperScript II kit (Invitrogen) following the manufacturer's instructions. The expression of FeMATE1 and FeMATE2, and HistoneH3 (internal control) was determined by real-time reverse transcription-PCR (RT-PCR) using Thunderbird SYBR qPCR mix (TOYOBO, http://www.toyobo.co.jp/) on Mastercycler ep realplex (Eppendorf, http:// www.eppendorf.com/). The primers used were 5 0 -TGGACTTGGCTTGCACTT TGGT-3 0 (forward) and 5 0 -CACGAAGGCTATTGAGTTTATGGGT-3 0 (reverse) for FeMATE1, 5 0 -GACAACATCCCTTCTAGCTGATG-3 0 (forward) and 5 0 -CCTT TGTGAACAACTTGGCTCCA-3 0 (reverse) for FeMATE2, 5 0 -GAGAGATGGCTC GTACAAAACAG-3 0 (forward) and 5 0 -GAACCAGCCTCTGGAATGGAAGC-3 0 (reverse) for HistoneH3. Expression data were normalized with the expression level of HistoneH3 by the ÁÁCt method.
Subcellular localization
To construct the 35S:GFP-FeMATE1 and 35S:GFP-FeMATE2 fusion genes, the ORF of FeMATE1 or FeMATE2 was ligated to the 3 0 end of GFP carrying a linker sequence, which encodes six additional amino acids (SGSGSG), and placed under the control of the Cauliflower mosaic virus (CaMV) 35S promoter in pUC18 (TAKARA). The primers used were 5 0 -GGCTCCGGAATGGAAGATCA TCAAGGAGCTTTGC-3 0 (forward) and 5 0 -CCCGCGGCCGCTTAACGGTTAAT TTTCAGAAAACTC-3 0 (reverse) for FeMATE1, 5 0 -GGCACCGGTATGGCGGAA AAAGTTGGGTTTATCG-3 0 (forward) and 5 0 -CCCGCGGCCGCTCAGGTTCTC AGGAATCTCCAAGGT-3 0 (reverse) for FeMATE2. DsRed-HDEL, an endoplasmic reticulum marker (Ueno et al., 2010) , ST-mRFP, a trans-Golgi marker (Saint-Jore et al., 2002) and KAM1DC-mRFP, a Golgi marker (Tamura et al. 2005) , were used for co-localization analysis.
Buckwheat leaf protoplasts were prepared as described previously (Shen et al. 2002) , except that the concentration of mannitol was 0.4 M. Protoplast transfection was performed according to a previous study with some modifications (Chen et al. 2006) . Briefly, the collected protoplasts were resuspended in a suspension solution (0.4 M mannitol, 14.7 mM MgCl 2 and 20 mM MES, pH 6.0). Vectors (about 10 mg) were mixed with 100 ml of suspended protoplasts. The same volume of polyethylene glycol (PEG) solution (40% PEG 4000, 0.4 M mannitol and 100 mM CaCl 2 , pH 7.0) was slowly added to the DNA and protoplasts mixture and mixed immediately by gently shaking, followed by incubating for 10 min at a room temperature. After the incubation, 1.0 ml of MS solution (0.44% MS medium, 0.4 M mannitol, 20 mM MES and 0.5 mM CaCl 2 , pH 6.0) was added to the tube to wash the protoplasts twice. Finally, the protoplasts were incubated in the above 1.0 ml of MS solution and placed under dark conditions at 25 C. After incubation for 12 h, the GFP signal was observed using an LSM700 laser scanning microscope (Zeiss).
Transfection of the same GFP-fused genes into onion epidermal cells was performed as described previously (Yokosho et al. 2016b ).
Heterologous expression of FeMATE1 or FeMATE2 in the Arabidopsis atmate mutant The 2.5 kb promoter region of AtMATE was amplified by PCR using primers: 5 0 -CTCGAGAATACCACAAACCAAAGATCACACA-3 0 (forward) and 5 0 -ACTAGT TAAGAGATGTTACTGAAGCTTCTTGAGTC-3 0 (reverse). The promoter amplified was fused with the ORF of FeMATE1 or FeMATE2, and introduced into the pPZP2H-lac binary vector (Fuse et al. 2001 ). The constructed plasmid was transformed into the atmate mutant by the Agrobacterium tumefaciensmediated floral dip method (Clough and Bent 1998) . The transgenic seeds were germinated on an MS plate containing hygromycin B (50 mg ml -1 ) for selection and two or three independent transgenic homozygous T 3 lines were selected for further analysis.
Al tolerance evaluation
Arabidopsis seeds were germinated on an MS plate containing 0.05% MES, 1% sucrose and 1% agar (pH 5.8). Similar seedlings with an approximately 0.5 cm long root, prepared as described above, were transferred to a plate containing 1 mM CaCl 2 , 1% agar and 1% sucrose (pH 5.0) with 0 or 50 mM Al for 5 d. Root length was measured with a ruler before and after treatment.
Al accumulation in transgenic Arabidopsis lines
Seedlings (5-week-old) of WT, atmate and transgenic lines, prepared as described above, were exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 10 mM Al for 1 d. The whole roots were harvested after washing with 1 mM CaCl 2 solution three times. Part of the roots was dried in an oven at 70 C for 3 d for total Al determination, while part of them was placed on a filter in a tube and frozen at -80 C overnight for cell sap collection. Dried samples were digested with concentrated HNO 3 (60%) up to135 C. Root cell sap was collected by centrifugation at 20,600 Â g for 10 min after rapid thawing at room temperature. The Al concentration in the digest solution and root cell sap was determined by ICP-MS.
Gene expression in different Arabidopsis lines
Seedlings (5 weeks old) of the WT, the atmate mutant, two FeMATE1;atmate lines and three FeMATE2;atmate lines were exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 0 or 10 mM Al. After 24 h, the roots were harvested for RNA extraction. The gene expression level was determined by quantitative RT-PCR using primers as described above. Actin was used as an internal control with primers 5 0 -GGCGATGAAGCTCAATCC-3 0 (forward) and 5 0 -GGTCACGACCAG CAAGAT-3 0 (reverse). The primers used were 5 0 -TGGGATTGGTTCTCGGTT TTGT-3 0 (forward) and 5 0 -CGAACACAAACGCTAAGGCA-3 0 (reverse) for AtMATE.
Collection of root exudates and organic acid determination
Seedlings of buckwheat (3 weeks old) or Arabidopsis (5 weeks old) were hydroponically cultivated and used for root exudate collection. The seedlings were first exposed to a 0.5 mM CaCl 2 solution (pH 4.5) overnight before the collection of root exudates. For the dose-response experiment, root exudates were collected from plants exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 0, 10, 30 or 50 mM Al, 5 mM Cd or 50 mM La for 6 h. For a time-dependent experiment, root exudates were collected every 3 h after the roots were exposed to a 0.5 mM CaCl 2 solution (pH 4.5) containing 0 or 30 mM Al for 12 h. For Arabidopsis, root exudates were collected after exposing the roots to a 0.5 mM CaCl 2 (pH 4.5) solution containing 10 mM Al for 24 h. The root exudates were passed through a cation-exchange resin column (16 Â 14 mm) filled with 5 ml of Amberlite IR-120B resin (H + form; Rohm and Haas, http://www.
rohmhaas.com/), followed by an anion-exchange resin column (16 Â 14 mm) filled with 2 g of AG 1 Â 8 resin (100-200 mesh; formate form; Bio-Rad, http:// www.bio-rad.com/). Organic acids adsorbed on the above anion-exchange resin were eluted with 15 ml of HCl (2 N) and the eluate was concentrated to dryness with a rotary evaporator (40 C). After evaporation, the residue was dissolved in 1 ml of milli-Q water.
The concentration of citrate and malate was analyzed by an enzymatic method as described previously (Delhaize et al. 1993 , Yokosho et al. 2010 ). The concentration of oxalate was analyzed by HPLC as described previously (Ma et al. 1997) .
Supplementary data
Supplementary data are available at PCP online. 
